Background: The effect of long-term N-carbamylglutamate (NCG) treatment on the rate and severity of decompensations due to propionic aciduria (PA) and methylmalonic aciduria (MMA) is unknown. This paper presents clinical experience from a single-centre cohort of patients with PA and MMA who received continuous long-term treatment with NCG. Methods: The effect of oral NCG treatment (initial dose: 50 mg/kg/day) was investigated in patients with PA or MMA who were experiencing frequent progressive episodes of metabolic decompensation, who had pathological levels of ammonia, and who were referred to the Division of Metabolic Diseases, University Hospital of Padova between August 2014 and December 2015. Clinical and biochemical data, including the number of metabolic decompensations, lactic acid, uric acid and plasma ammonia levels, protein intake and body weight, were collected before and after the initiation of NCG treatment. Results: Eight patients with PA (n = 4) and MMA (n = 4) aged 2-20 years were treated with NCG (50 mg/kg/day) for 7-16 months. Metabolic decompensation episodes decreased in number and severity, with three of the patients having no episodes (pre-treatment: 24 episodes; post-treatment: 9 episodes). After NCG treatment, all episodes were treated at home and none required hospitalisation, lactic acid values were 1.3-2.1 mmol/L and uric acid values were 0.21-0.36 mmol/L. Significant reductions in blood ammonia levels after NCG initiation were observed in five patients, whereas levels were reduced or maintained in the normal range in the remainder. Over the treatment period, patients had an increase in natural protein intake of 20-50% and gained 0-6.5 kg in bodyweight. Conclusion: These observations suggest that, in addition to short-term benefits for the acute treatment of hyperammonaemia, NCG may be effective and well tolerated as a long-term treatment in patients with severe PA and MMA, and that further prospective studies are warranted.
Introduction
Propionic aciduria (PA) and methylmalonic aciduria (MMA) are rare, autosomal recessive metabolic disorders caused by deficiency of propionyl-CoA carboxylase and methylmalonyl-CoA mutase, respectively. PA and MMA often present in the neonatal period with acute sepsis-like metabolic decompensation, involving metabolic acidosis, keto and lactic acidosis, and hyperammonaemia. Metabolic decompensation and hyperammonaemia are recurrent features over the course of these diseases, with potentially life-threatening consequences, including brain damage and renal failure [1] .
Blood ammonia levels are normally regulated by the conversion of ammonia to urea in the liver, followed by urinary excretion. Although the underlying mechanism of hyperammonaemia in organic aciduria is still debated, it is well documented that propionyl-CoA and methylmalonyl-CoA accumulate in patients with PA and MMA. The excess propionyl-CoA and methylmalonyl-CoA in patients with PA and MMA act to inhibit N-acetylglutamate synthase (NAGS) [2] , which catalyses the formation of N-acetylglutamate (NAG), an activator required by carbamoyl-phosphate synthase-1 (CPS-1) [2] [3] [4] . Inhibition of CPS-1 leads to the build-up of ammonia, which cannot then enter the urea cycle [3] . Both compounds further inhibit the urea pathway by depleting hepatic acetyl-CoA, which is required for NAG synthesis [5] . Inhibition of the tricarboxylic acid (TCA) cycle is also deemed to contribute to the observed increase in ammonia in patients with PA and MMA [6] .
During acute decompensation episodes, the prompt normalisation of blood ammonia levels is essential to avoid neurological damage and associated complications. Therefore, first-line treatment in patients with MMA and PA undergoing an acute decompensation includes the reduction of catabolism and the promotion of anabolism by the administration of a protein-restricted high-calorie diet. Guidelines by Molecular Genetics and Metabolism Reports 8 (2016) [34] [35] [36] [37] [38] [39] [40] Baumgartner et al. suggest stopping protein intake during episodes of hyperammonaemia and treating the patient with intravenous glucose to stop catabolism [7] . Ammonia-scavenging drugs such as sodium benzoate, sodium phenylbutyrate, and arginine hydrochloride, which have high renal clearance, are also often used to accelerate the elimination of ammonia in the urine [2, 5] .
A number of studies have shown that N-carbamylglutamate (NCG) effectively and rapidly reduces hyperammonaemia when added to classical treatment for emergent acute metabolic decompensation, both in neonates and older patients with PA and MMA [3, 8] . One short trial (3 days in duration) in seven patients with PA evidenced the beneficial effects of NCG on ureagenesis and reductions in plasma ammonia and glutamine [9] . However, the effect of long-term NCG treatment on the rate and severity of decompensations due to PA and MMA is unknown. Here, we present the clinical experience from a single-centre cohort of patients with PA and MMA who received continuous long-term treatment with NCG.
Methods

Study population
This study investigated the effects of oral NCG in patients with PA or MMA referred to the Division of Metabolic Diseases, University Hospital of Padova between August 2014 and December 2015. Patients were diagnosed by urinary organic acid analysis, and the diagnosis was confirmed by molecular analysis. All patients included were experiencing frequent progressive episodes of metabolic decompensation, had pathological levels of ammonia and had received a standard management regimen comprising protein restriction, with or without supplementary amino acids, and carnitine prior to initiation of long-term NCG (Carbaglu®, Orphan Europe).
Treatment
NCG was initiated at a dose of 50 mg/kg/day in patients who were experiencing frequent progressive episodes of metabolic decompensation and who had pathological levels of ammonia. Written informed consent to receive long-term NCG treatment was obtained from all patients and/or a legal representative, for those who were minors, prior to commencement of therapy. NCG was prescribed on a case-by-case basis, and in accordance with local health regulations.
Clinical measurements and observations
This was a retrospective, observational review of patient medical records to assess the clinical experience of patients with PA and MMA treated with long-term NCG. Patient demographics and characteristics were collected prior to the initiation of NCG treatment, and included age, gender, diagnosis, age at diagnosis, body weight, genetic mutation, the presence of neurological involvement (dystonia or epilepsy), renal damage, pancreatitis and heart disease. Medical records were reviewed for the following clinical and biochemical characteristics: number of metabolic decompensations, protein intake, body weight, and levels of plasma ammonia, amino acids, lactic acid and uric acid, before and after initiation of NCG. Mean ammonia levels measured during the monitoring follow-up and acute decompensation episodes are reported for 3 years prior to long-term NCG initiation and 1 year afterwards. For the purpose of this study, all other assessments were reported for 1 year prior to the initiation of treatment for all patients, regardless of time from diagnosis.
Results
Patient overview and demographics
Eight patients (aged 2-20 years) were included in the study: four with PA and four with MMA (Table 1) . One patient was the sibling of a male with PA and was diagnosed at birth. All other patients were diagnosed within the first few weeks after birth with one exception: one patient was 11 months old at diagnosis. Protein intake was low for each patient (1-1.5 g/kg/day) at the initial assessment for this retrospective analysis. An overview of each patient's clinical history is provided in Table 2 .
Decompensation episodes
During the year prior to the initiation of continuous treatment with NCG all patients experienced at least three decompensation episodes, and one patient with PA experienced 11. All the patients with MMA and one patient with PA required hospitalisation for a metabolic decompensation during this period. Following treatment with NCG (50 mg/kg/ day) for 7-16 months, metabolic decompensation episodes decreased in number and in the severity of ketoacidosis; three patients had no episodes, and none required hospitalisation for metabolic decompensation (Fig. 1) . One patient was hospitalised owing to a recurring gastroenteritis; however, the patient did not present with metabolic acidosis or hyperammonaemia. When patients were assessed by age and • Following an episode of vomiting with food refusal, mild hyperammonaemia and acidosis requiring hospitalisation 13 months ago, patient initiated on NCG therapy, 50 mg/kg/day 2(PA)
• 11-year-old male, born at term • Patient presented with acute metabolic acidosis and hyperammonaemia at 5 days old • Treated with a low protein diet, amino acid mixture and carnitine, which brought progressive clinical improvement • Frequent mild to moderate episodes of metabolic acidosis over disease course, with ammonia levels of 80-120 μmol/l
• After a prolonged period of constipation, with plasma ammonia at 100 μmol/l, patient initiated on NCG therapy, 50 mg/kg/day 3(PA)
• 9-year-old sister of patient 2, diagnosed with propionic aciduria at birth as a result of her affected brother, therefore avoiding any decompensation episodes • A low protein diet and carnitine was initiated • At the age of 3 years she had meningitis with severe metabolic decompensation and hyperammonaemia requiring haemodialysis and severe neurological impairment • Several subsequent hospital admissions, primarily for food refusal, persistent vomiting with ketosis and hyperammonaemia (up to 200 μmol/l); after her last episode (13 months ago) patient initiated on NCG therapy, 50 mg/kg/day 4(PA)
• 3-year-old male, born at term after an uncomplicated pregnancy, labour and delivery • Patient presented with severe hyperammonaemia and metabolic acidosis that required haemodialysis severity of decompensation episodes, no pattern in the frequency of episodes was observed either before or after NCG treatment.
Clinical outcome
Improvements in attention, exercise tolerance, appetite, and strength following continuous NCG treatment were reported for all patients. Over the treatment period, patients had an increase in natural protein intake of 20-50% and gained 0-6.5 kg in body weight (Table 3) . This was partly due to the decrease in decompensation episodes and an improvement in appetite.
Patient 1, the oldest patient in this cohort at 20 years of age, presented with dilated cardiomyopathy, a mild reduction of systolic function (ejection fraction 39.7%), elevated creatine phosphokinase (CPK) (350-500 U/L; normal value: b 220 U/L) and a CPK-MB of 4.3% (normal value:b3%), which required medication with beta-blocker drugs. He was asthenic and easily fatigued. After 12 months of NCG treatment, cardiac function improved, with an increase in ejection fraction of 43.0% and normalisation of CPK. Interestingly, owing to a delay in drug supply, this patient had a half dose of NCG for 2 months during which his CPK rose to 373 U/L. These symptoms dissipated when fulldose treatment was reinstated.
Biochemical profiles
Significant reductions in plasma ammonia compared with pre-treatment levels were observed in five patients (two patients with MMA and three with PA) (Fig. 2) ; none of these patients presented with decompensation episodes during the period of NCG follow-up. Levels were reduced or maintained in the normal range in the remainder, with the exception of one patient whose levels increased slightly post-NCG initiation. In patient 1, where NCG treatment was reduced owing to the shortage of the drug, there was a slight increase in the level of ammonia (80 μmol/L); this normalised after the reintroduction of the drug at the dose of 50 mg/kg/day.
Reductions in lactic acid and uric acid were observed in five patients following treatment compared with pre-treatment levels (Fig. 3) . After NCG treatment initiation, lactic acid values ranged from 1.3 to 2.1 mmol/L (normal range: 0.56-1.40 mmol/L) and uric acid values ranged from 0.21 to 0.36 mmol/L (normal range: 0.26-0.45 mmol/L) [10] ; these data were not statistically significant. Amino acid analyses were performed during the routine monitoring of disease progression (Fig. 3) . In all patients, no statistically significant modifications were observed in the profile of glycine and glutamine after the initiation of NCG treatment, whereas in branched-chain amino acids (leucine, isoleucine and valine), normalisation of isoleucine was observed in three patients, possibly due to the increase in protein intake.
Discussion
Because long-term survival in patients with PA and MMA has improved over recent years, long-term complications have become increasingly apparent and pose new challenges in terms of patient care. The efficacy of NCG in the acute treatment of patients with organic acidurias experiencing metabolic decompensation is well established [3, 6, 8, [11] [12] [13] [14] . However, to our knowledge, this is the first report of the long-term use of NCG in patients with PA or MMA.
Long-term management of both PA and MMA is based on reducing the production of methylmalonic or propionic acid by restricting natural protein, maintaining an optimal calorie intake, supplementing with carnitine and reducing intestinal production of propionate by metronidazole [15] . In this study, long-term continuous administration of NCG was shown to stabilise metabolic control, reducing the number and severity of episodes of metabolic decompensation in patients with PA and MMA spanning a broad range of ages, and eliminating the need for hospitalisation. Patients were selected for long-term treatment with NCG if they had frequent metabolic decompensations and elevated ammonia levels. In seven out of eight patients, the ammonia concentration was decreased or maintained within the normal range after treatment initiation, and improvements in clinical outcomes were reported for all patients. Management of ammonia in these patients improved appetite, and patients were able to increase their natural protein intake. Subsequently, patients gained up to 6.5 kg in weight over the treatment period and, in addition to increased appetite, reported improvements in attention, exercise tolerance and strength. Dietary management including a protein-restricted diet is often the first-line treatment in the management of decompensation episodes in patients with PA and MMA. However, there are limitations to the effectiveness of this approach because an extremely restricted diet should not generally be implemented for longer than 48 h [4, 16] . As observed previously in the treatment of NAGS deficiency, long-term continuous administration of NCG may allow a faster discontinuation of a proteinrestricted diet and consequently limit muscular catabolism and subsequent hyperammonaemia [17] .
The authors of a number of studies have reported the efficacy of NCG in reducing elevated serum ammonia levels in patients with PA and MMA during acute metabolic decompensation [3-6,8,9,12-14,18] , and several investigators have attributed this to NCG stimulation of ureagenesis [8, [18] [19] [20] . However, all of these studies related to brief treatment (of a few hours up to 3 days) focused on the rapid normalisation of ammonia in the acute decompensation state. In this analysis, long-term treatment with NCG, at a dose determined on the basis of a previous long-term study of patients with NAGS deficiency [21] , markedly reduced ammonia levels in five out of eight patients, with only one patient with PA experiencing a slight increase in ammonia levels. The relationship between NCG and ammonia was clear; moreover, all patients experienced a reduction and stabilisation in the number of metabolic decompensations following treatment. There were no decompensation crises in patients with MMA, and none of the patients with PA required hospitalisation during long-term treatment with NCG, suggesting clinical improvement even with sub-optimal improvement in ammonia levels.
Although the frequency of metabolic decompensation decreases with increasing age [22] , it is worth noting that in our retrospective analysis, no pattern was observed in the frequency of decompensation episodes in the period before or after NCG treatment when patients were assessed by age or severity of episodes. However, as stated previously, when the number and severity of episodes in the 12 months before and post long-term NCG initiation were assessed, all patients experienced a reduction and stabilisation in the number of metabolic decompensations following treatment. Ammonia concentration also decreased for the majority of patients.
Hyperammonaemia is a frequent corollary of metabolic decompensation in patients with organic acidurias; indeed, elevated ammonia and pathological changes in the acid-base balance reflecting metabolic acidosis are the two most reliable biochemical indicators of metabolic decompensation in patients with PA and MMA [23, 24] . The underlying mechanism of hyperammonaemia in organic aciduria is debated. The most quoted hypothesis is that the increase of ammonia is secondary to the inhibition of an early step in the urea cycle [3, 25, 26] . Inhibition of the TCA cycle is deemed to contribute to a greater or lesser degree [14] , and hyperammonaemia has also been suggested to relate primarily to the inability to maintain adequate concentrations of glutamate precursors through a dysfunctional TCA cycle [27] . The metabolic sequelae are exacerbated by the fact that patients with PA and MMA frequently refuse food, leading to a decrease in glucose availability and an increase in protein catabolism, with a consequent build-up of toxic metabolites and propionate produced by bacteria in the gut [14] .
In this analysis, a decrease in ammonia levels was the most prominent result of long-term NCG treatment. Ammonia levels are measured routinely in clinical practice in patients with PA and MMA, and the data are reported here in that context. Post long-term NCG initiation, ammonia levels were in the normal range, indicating that NCG can enhance the rate of ureagenesis in organic acidurias, presumably by increasing the rate of carbamoyl phosphate synthesis in the urea cycle [28] . The effects of NCG therapy are not apparent when patients are treated for acute symptoms, but become noticeable after long-term intervention.
Because this is an observation of patients in clinical practice, the plasma amino acid data were also measured during the routine follow-up of these patients. No significant change was observed in plasma glycine levels during the treatment, even though the ammonia levels normalised. The independent nature of the two findings can be explained by the mode of action of NCG, because NCG is not expected to alter the hepatic concentration of propionyl-CoA, which inhibits the glycine cleavage system [29] . The decrease in glutamine observed in five patients who also had an increase in natural protein intake could have been due to the effect of NCG in augmenting ureagenesis and consequently decreasing plasma glutamine [28] . We hypothesised that the normalisation of the branched-chain amino acid profiles (leucine, isoleucine and valine) observed in some of these patients may have been due to the increased protein intake and decreased metabolic decompensation episodes reported for long-term NCG treatment. Because decompensation episodes are frequently observed in the long-term follow-up of patients with PA and MMA, we suggest that this is a direct effect of long-term NCG administration. Five patients with elevated plasma lactic acid levels experienced fluctuating reductions as metabolic decompensation declined following NCG treatment, whereas the remainder stayed within the normal range (0.5-2.2 mmol/L) [10] . Plasma uric acid levels decreased slightly, but not significantly, following NCG treatment.
In this analysis, NCG was more efficacious in patients with PA compared with those with MMA, possibly because the treatment of MMA was less prolonged. There were indications of stabilisation in cardiac function during long-term NCG treatment in the patient with the most severe heart condition, and stabilisation of heart deficits in other patients. This would be consistent with a beneficial effect of NCG on mitochondrial cardiomyopathy [30] . No improvement in kidney function in the four MMA patients or the neurological status of the three patients with severe dystonia was apparent; the relatively limited duration of treatment could account for this. Importantly, the long-term use of NCG did not appear to be associated with any side effects, and all patients or their parents chose to continue treatment owing to improvements in clinical outcome.
Limitations of this analysis include the small sample size, and the lack of formal statistical analysis and study controls. We would stress that this is a retrospective observational analysis of patients in clinical practice; therefore, the results are preliminary and provisional, and require further verification and exploration. Nevertheless, it is worth noting that, to the best of our knowledge, conventional treatments of organic aciduria with carnitine and metronidazole are also based on observational data and have not been proven effective in clinical trials. This is of particular interest because metronidazole treatment does have associated adverse events.
In conclusion, the present findings suggest that, in addition to its short-term benefits for the acute treatment of hyperammonaemia, NCG appears to be effective and well tolerated as a long-term treatment in patients with severe PA and MMA. Prolonged benefits for general clinical outcomes were reported for all patients in this single-centre cohort, and five out of eight patients had lower ammonia levels after NCG initiation. Therefore, further studies on the long-term treatment of NCG in patients with PA and MMA are warranted.
